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Outline Hong @

Introduction
* Higgs, Higgs via vector boson fusion (VBF)

« ATLAS at LHC
/ Missing Er (MET)

Focus on similar final states
e VBFH-WW*—>|eu| vev
e VBFH— Tt 2 |Ch|| vivevy:

Putting it together — 2 lepton-like objects
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Higgs found at 125 GeV Hong @

Allows fermion mass terms, restores electroweak symmetry

Divide into two groups

Quarks

Tree relation for massive “X”
H <X g
-- X
X

Loop relation for massless “Y”

Y .
H--<]ZZ gy - effective
Y

Higgs boson theory - all true?

Credit: Fermilab




Higgs boson theory

Massive M Massless

Fermions F=gq, ( Gluon g

F M <Ezg
. _ My 4
H < gr < ——— o

Vector bosons V=W, Z Photon y

- (‘t: gVOC+2 vey H:- Q:?
H"{@:r
7
H--
W

Hong @

Beyond scope of talk

Higgs mass stabilization
i)

Higgs self-interaction

~H (MY
H--@ gou * —3
“H vey

(Mn)?
vey 2

H '/H 3
-..:.-- o —
N

Lots to probe experimentally at the LHC.

y.



What’s measured @

Higgs productions Higgs decays

H--<]::y Discovered Higgs with ggF
GIuc_m-GIuon % production with
Fusion (ggF), y ggF — H — bosons
dominant at LHC H"{VE:;;
g P Now have evidence of VBF
gz:I>"H H"c@:‘{ y production with
S VBF = H — bosons

Vector Boson H----qf:Z

Fusion (VBF),

14
sub- domlnant H‘lf: ~— Only depends on gy
e ;
< F

H----<F — Best direct constraint on gr




ATLAS Higgs summary

no Higgs SM M(jzas. Stat. Total error

A - /Z /
o H=yy
[
For My = '_—'l ggF “Low Pr”’
125.5 GeV — | ggF “High Pr”
ATLAS [b] | VBF
7,8 TeV ? VH
H—7Z7Z*
|
——————— | VBF, VH-like
—t ggF “Other”
H-WW*
(O- B)Data | |— o | | ggF “0_, 1-jet”
= HHiggs O 1 2 3
A A . .
b :stat. :
ATLAS b 1 - syst : H_} T
i —— theory
Prelim. | et A y )
8 TeV [c] — . ggF Ij “Boosted
—T—  VBF

Hong @

| describe two analyses

Why VBF HWW
e | worked on it
* Best gy, VBF HWW 2.5¢

Why VBF Hzr
 Penn student work
e Direct gr, Hrr 4.16 (Dec.)

Important now, also Run-2

ggF, VBF

Ww* | yes

TT good RRelEE




Analysis similarities Hong @

VBF H=>WW*>eu, \BF H=tt—(h

Tag production Tag decay

Two jets, two “leptons,” MET




Analysis similarities Hong @

VBF H=>WW*>eu, \BF H=tt—(h

Tag production Tag decay
Same Similarities
e Vector boson fusion

e Triggeron e, u
e 2 “leptons,” 2 neutrinos
« MET, no sharp mass peak

""""" Differences
fr,[/ * Decay kinematics physics

* One = hadronic

Two jets, two “leptons,” MET




LHC as a vector boson collider Hong @

Vector-boson fusion o VBF jet: high-Pr, high-g
Cahn, Dawson, PLB 136 (1984) 196

, : How rates relate to g»
> v « WW-rate « | gy2|?
A e 7r rate x| gy grl|?
Higgs
s Voctorbosor All VBF Higgs inputs to gv

P2

Fig. 1. Higgs boson production from virtual vector boson
pairs (V = W or Z). The initial state quark (or anti<quark)

momenta are py and p, and the corresponding final state
momenta are p and p5. The momenta of the virtual vector é

bosons are ¢1 and g5,.




Major backgrounds Hong @
Energy deposits  Jets

VBF Higgs

tthar,
bkg. to WW*

Z jets,
bkg. to 7

—a !

* r No extra jets inside

q
T

No color near H

Hadronic activity

Hadronic activity

0

O__
O__

O O OO

Jets widely
separated

Jets not as
separated

Jets not as

separated



General feature of VBF production  Hong @

VBF “central region” Why

Zeppenfeld, Rainwater, PRD 60 (1999) 113004 . Vector b or]
Barger, Cheung, Han, PRD 42 (1990) 3052 eclor bosons are coloriess

* No color between jets
Consequence 1

V * Less hadronic activity
VL\LL H Central between jets in VBF

region
Consequence 2

e Higgs decay daughters
between jets in VBF

T Effective in rejecting non-VBF

N y,



VBF jets Hong @
Two highest-Pr jets separated by Ay

H-WW* > eu, >2j

Physics of jj invariant mass Events in ATLAS, 8 TeV [4]
12 bins S
* More powerful than 45 alone 5ok 77 X
« M(jj)~V Prs Prs e — o tthar | | _
100¢ 11Higgs x50
~<PT,jet>eA”/2 - A :
50
« Example: 40 -+ e3/2=180 GeV | &
O — =
0 200 400 600 800 +
VBF has high value, non-VBF low M(jj) (GeV)
Events / H—-tt—>Ch, >22j
M(jj) great v. all backgrounds 50 GeV ATLAS Prelim., 8 TeV [c]
3001

200

Higgs x20

100"

0 L=
200 400 600 800

M(jj) (GeV) y.




VBF central region in 7 Hong @

Quantify if object is in the central region
» Consider “centrality” of object w.r.t. VBF jets

 Example here takes lepton, but same for all H- 71— th >2j

ATLAS Prelim.
8 TeV [c] AEvents /

Higgs x20 300

beam

£in bet 0 02 04 06 0.8 1
IN petween C(f)

jets or not?

Non-VBF VBF




Outline Hong @

Introduction
 Higgs via VBF

— ATLAS at LHC
/ Missing Er (MET)

Focus on similar final states
e VBFH-WW*—=|eu|| vevu
e VBFH— 7t — | €h|| viv:vs

Putting it together — 2 lepton-like objects




ATLAS detector

2 magnets, 3 sub-detector groups

Muons—

spark mlJon
drift \\\\

\ {

N
\
\
>

)
Calo 3

hadronic protonms

electromag.\ A neu.tron'

.—electron
‘~— Solenoid
Tracker
transition radiation
silicon strip & pixel
ATI AC

photon | SAILAJ

| ) \ —y 7 T P
! | eleCtl’OH | A hitp://atlas.ch

Beam pipe




ATLAS 5 coverage Hong @

Shows tracker “inner detector”

Coverage important for analyses
e Lepton upto~2.6
e Jet up to 4.5 — crucial to tag forward VBF jets
e Tracking up to 2.5 — limitation for #thar rejection

Electron, Muon EM calo, Fwd.
n=0 Trackmg (b, T) Had. calo calo
A
\;7 2\ =2.7 ;7—3 D
: n=4.9
.................... / EeEE—— )
Pixel-b— P-ec Beam pipe (d=7.2cm)

-‘T- “SCT-barrel SCT-endcap Pixel support tube

Solenoid coil !

TRT-barrel TRT-endcap




b quark jets

Long lifetime of 0.5mm, displaced vertices

y

Why b important
* Reject tthar for HH WW*

Inside 3§
beam

pipe | Multivariate b identification

\ * 85% signal efficiency

Data #thar with two tagged b

Hong @

* 10x rejection of light jets, 2.5x c jets

y.



Hadronic 7 “jets” Hong @
“Long” lifetime of 0.1mm, unique shower pattern

r
A

Had. calo —

_)]]
\

i

EM calo —

Datatt = #t#n0v;

L’J’?’

Why hadronic r important
* B(tr—hv,) =0.6 for Hotrt—>(h

Multivariate z identification
* 60% signal efficiency
e 20x rejection of light jets




ATLAS data

https://cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults

2010,\'s =7 TeV 2011,\s =7 TeV 2012, \'s =8 TeV

Total Delivered: 48.1 pb’ Delivered: 5.46 fb™
Total Recorded: 45.0 pb’ Recorded: 5.08 fb™!

Physics: 4.57 b

ATLAS
Preliminary

|| LHC Delivered
ATLAS Recorded

Delivered: 22.8 fb™
Recorded: 21.3 fb™
Physics: 20.3 fb™

Lpeak _
_ Bl Good for Physics
Peak lumi.
[1033 cm—2s71] B
81 | =
- ATLAS 5, 12—
61— Online Luminosity bJr?cBhoes é ﬁ@ hE
— e R: Peak pile-up : E
o L: Peak lumi. . =
o IR :
- ¢ ’Mr E
O_.__LMELI 1L lJI o e b e e |J3|E

Hong

25
| L dt

20 Integrated

15 luminosity
[fb~"]

10

40

30 <”>Peak

Peak pp
interactions
10 per crossing

0 y.


https://cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults

Event rates Hong @

Production rates for Ly = 8 nb~1/sec
* ginelastic= 60 mb— 5-108 /sec

* 6z-uy = 81D 6 /sec
* 65 = 20 pb 0.2 /sec ATLAS Triggered events
Trigger saved to disk (Hz)
*OVVoH = 2 pb 002 /SeC operations
Jots, MET (de12yeS)
' s (delayed)
Need large reduction of background Y el B physics {5

while saving Higgs events

Analysis triggers
 VBF H-WW*—eu|vevy
e VBFH— tt 2l |hvevey:
* Both triggeron £ = e, u > 24 GeV

Muons, B physics

S e o

Months in 2012




How many Higgs did LHC make?  Hong @

Formula agF VBE

o Npp—bH—bxyz =L * O-pp—bH * BH—bxyz

_ & vooy q %
Production 6pp-n Diagram gw>"H HL‘
‘I_é

Heinmeyer et al., CERN-2013-004

» ggF theory uncertainty ~10% L (8 TeV) 21 b~

* VBF theory uncertainty ~ 3% Gy i 19.270f0 | 1.580 b
* VH, ttH smaller cross-section
Npp-H 400k 33k
Decay Bu-xy;
Nu-ww+| 90k 7K
NH—H'T 25K 2K
b
57% 1-<_ Nwwioes 2k 200
b Nz 10k 800

0(1000) VBF Higgs in this talk A


https://cds.cern.ch/record/1559921
https://cds.cern.ch/record/1559921

Outline Hong @

Introduction
* Higgs via VBF

« ATLAS at LHC
/ Missing Er (MET)

Focus on similar final states
—\VBFH 2>WW* > eu|| vevu
e VBFH— 7t — | €h|| viv:vs

Putting it together — 2 lepton-like objects




VBF WW* = eu Hong @

Analysis flowchart

b LA
o BE N  Trigger on £ mostly

* Require non-b jets with An;; = 3 Already
* Require e, u, MET discussed

» Select on VBF production properties __|

Analysis | * Select on H— WW*decay properties

e Background model validation

l This
section

Results * Fit Mr, Higgs 10 g€t uniggs, VBF

A



ﬂ Ww* physics with Ny Hong @

analysis| * Separate ggF v. VBF by Ny
!

Results

 Benefit by VBF rate « | gy |4

g H {’: * Measuring +50% rate
w4 translates to +11% gy
B 0011 jet / C Before cuts (after pre-sel.)
Evis /
/bin E H—’ WW > eu
12000 £ ATLAS, 8TeVIal  After cuts Datay
-
soooin tthar | WW VBF .
4000 = :
% 12.3 background evts 5 1 events
0 | , | \ :
0 1|2 3 4 5 6 Nje 20 data events

Two leptons, MET, jets (no b veto) Great S/B A



Pre-sel. PhySics With {{ HOng @

m * Higgs (J=0)

roeuta] W decay violates parity > — Collinear ££ = Low My,

e Spin conservation

Events / H->WW*>eu, 0j
10 GeV ’ ATLAS, 8 TeV [a]
g 7

400

N
| SN

ggF

EXCGSS as expected . —_| ..... - , .............................................................................................................. |




Pre-sel.

o

Results

 Broad at ~ 30 GeV

Mz, u= V (Ez, n)? — (P, n)?
F]}H = Fz w+W
Ertn=Efeu+ MET

L\/ (P 20)2 + (Muc)?

Shape, normalization

consistent with Higgs at 125

Physics with ¢¢, MET H-ww*eu, ce, up, <Ij

e Considered ¢¢, now add MET
e Approximate mass with Mz u

ATLAS, 7, 8 TeV [a]

Evis /10 GeV
400

200

Q
(@]
T
IIII|IIII|IIII|IIII|I

F‘

60 100 140 180 220

Evts / H ->WW* >eu, 22j
TR 20 GeV ATLAS
6 ¢ 7,8 TeV [a]
\:\
4N
N H
2P -
ttbar

_@—

DY WwW
0 | ===
50 100 150 200

M7, Higgs g



RS

* Nov. 17, 2012
VBF H 2WW~* > ey MET o 172912 Hong |prewy
run 214680 ‘
evt 271333760+
/
Pr=>51 GeV 7 Pr=15 GeV
\ ’ ’
An: = 6.6 Pr=42 GeV ) o
VBF | Wjj = ©- o . 7
]‘ljj =1.5TeV e 2 R Jet
M., =21 GeV ” g w _
HWW ( H ) \ Pr =68 GeV
M7 =95 GeV R
tthar  Jets not b-tagged v / AT l AS

VBF-like in jj & Higgs-like in decay T EXFERIMENT26



Pre-sel.

Results

tthar— WbWb background

m * VBF jets have large »,

where no tracking

H-WW*—eu, >2j

ATLAS, 8 TeV [a]

3000

2000

1000 |

- /0.2

- Events

Higgs x2000

tthar in tiny
corner of

Hjet, leading

i >
tracker can’t b-tag

outside tracker

Hong @

* In tthar events, high Mj;
selects one b, one non-b

VBF
Higgs
N R |
tthar /bj/e’[ N
passing- —— outside
cuts tracker
R

ttbar b jet\
control ——inside—=— d

tracker

sample




=] tthar modeling difficulty Hong @

m  Slide for experts
Results
/ttbar good ¢¢ & MET modeling, but

VBF jet modeling is difficult in tiny
corner of phase space

tthar control sample
H—>WW™eu, 22j Events /

ATLAS, 8 TeV [a] 20 GeV
7 :
7 % e Estimate Nupar = Nmc - ﬁontrol
1/ é 15
7 ZT% [ where 4 iror = (%Data) - 0.6 +0.15
)/ + : ‘% MC 7/ control
e T 5

* Repeat with other MCs, find

0
100 200 300 . :
estimates consistent to 15%

Mr Higgs (GeV)

tthar estimate is stable




el \VBF v. ggF with bosons Hong

!
analysisi * VBF WW* significance is 2.5¢, 1.60

i!l observed expected

(6vBF+VvH " B)Data

(ovBF+vH " B)sm ATLAS [b]
7, 8 TeV data
For 125.5 GeV

+| Standard Model
& Best fit individual
— 68% CL
-- 95% CL

O = NN w H

Illlllllllllllllllllllllllll(aggF+ttH.B)Data

0 1 2 3 (oggr+it B)sm é




v

Analysis

Pre-sel. Rescale the axes Hong @

SO same metric in x, y

ATLAS [b]

(ovBF+vH " B)sm

m (O'VBF+VH . B) Data E
y

VBF WW* measurements

2
(]
PVBY 2.0 + 22
Mgl 1.0
e uvpr = 1.6 £0.8 ’
40% stat.
25% syst.

For all modes, ggF rates
better than VBF by ~2x

1
% 7.8 TeV data
“ For 125.5 GeV
| |
1
1

+| Standard Model
\ ® Best fit individual
“ — 68% CL
-- 95% CL

|

|

' Axes rescaled

\ from the original

(O' ooF+ttH * B ) Data

Lovoa oo v v brrva bvvaa by

0 1 > 3 (6ggr+ttH - B)sm !




Evidence of VBF

in boson final states

Combine WW?* ZZ?, yy
 VBF evidence at 3.36

o MVBF+VH 14 + 0.4 + 0.6
UgeF+ttH 03— 04
(stat) (syst)
0.7
= -+
1.4 + 05

Measured ggF, VBF with
bosons

What about fermions?

ATLAS [b]
For 125.5 GeV
7, 8 TeV data

Combined

H—yy

H—-7Z7*

H—-Ww*

no VBF= H
VBF ggF ong
A A Meas. Stat. 10 20

r

HVBF+VH

2 1 HegF+ttH




Outline Hong @

Introduction
 Higgs via VBF

« ATLAS at LHC
ﬁ Missing Er (MET)

Focus on similar final states
e VBFH-WW*— eu| vevu
—\VBFH— ¢ — €h | veveys

Putting it together h = hadron
T = v (+7°)




VBF rr — (h Hong @

Analysis flowchart

o B RO ° Trigger on £

* Require non-b jets with An;; > 3 Already
 Require ¢, t=h, MET discussed

* Define variables for VBF production __|
Analysis | e« Define variables for H— 7 decay
e Train BDT to select H using all vars

l  Background model validation This_
section

Results | ¢ Fit BDT score t0 get uniggs

y.



B2 <7 physics with Ny Hong @

analysis|  * Like WW?* have ggF, VBF

* better
Results yes S/B ww#*
good
Rate « | gr |? Highest BDT bin for ¢h Data
Fake t Zrt Others ® ggF Y\E,;,E
4 H
ZH%- < | 32 background evts 8.0 sig. evts
“poosted” (Pr, #>100) 34 data events
[ Data
Fakel/:f8ooF VBF | « | will describe
- i : VBF ¢h
8 7 bkg. 8.7 signal

18 data events

y.



| Suppress fake rr with gyer Hong @

m * Neutrinos from 7 decays are mostly collinear
* Define “centrality” of pmer w.r.t. charged daughters

Results

H—=tt—6h, =2j
ATLAS Prelim.

v along ¢, so MET Construct a
In between metric w.r.t. £, h

Good separation from fake zr Fake 7




Results

h MET
N 7.—— opening
Vi z/ " angle 4p
V2

A. Elagin et al., NIM A654 (2011) 481

1. Generate 4p distributions with MC

2. Scan allowed configurations, pick
most likely M(zz) for each event

Good separation from Z — zr

resel| SUppPress Z— rr with M(zr) @
m e M(tt) = M(thvev.v:), SO need P,;, P2, P

e MET., = (%i P, ))x, , resolution smears constraint
* Parametrize unknowns by opening angles 4p

Arbitrary | 7= 7| H, Z Pt Ch
sca[e

ATLAS Prelim.
8 TeV [c]

bed”

20 | 100 | 150
M(z7) (GeV)

Z 21T H— 1t

A


http://www.sciencedirect.com/science/article/pii/S0168900211014112
http://www.sciencedirect.com/science/article/pii/S0168900211014112

VBF H — tt & eh MET

VBF - M; =1.5TeV
Hrr - M, =129 GeV
BDT score = 0.99, S/B here is 1.0

\ PT = 56 Ge\727 \ Pr=27 GeV

Nov. 5, 2012
09:48:46 UTC
run 214021

i evt 269834309

WATLAS

EXPERIMENT




el Train BDT to select Higgs @

m * Feed BDT the variables for VBF production, H decay
* | described the key ones already

e Let’s look at M(zr) before applying BDT

Results

H-tt—6h, 22§
ATLAS Prelim., 8 TeV [c]

Events / H— 7t is visible (note y-axis)
10 GeV .
300/ " is falling - use uu sample
200 - Fake z is flatter - “fail” sample
100 F | |

3 These are estimated using data

50 100 150 200

M(zz) (GeV) A



Pre-sel.

Results

Method, validation of Z = zr Hong @

m e Fact: pp—Z same for Z—tr, Z uu

e Select Z—uu with M, > 40, loosely isolated u
* Use MC to decay 7 in u’s place

Z—7t control region Control region definition
H—-tt—Ch, 22§ Mz w< 40 to veto W— ¢ty

ATLAS Prelim., 8 TeV [c] M(z7) <110 to veto H— 1t

Events in

12 bins

100, M8 e, / good modeling in BDT

10 H- 1t X50

—1 -0.5 0 0.5 1

BDT score A




el Mlethod, validation of jet faking @

m « Wjet = Chux fakes H = 1t = th

* N are signal-like events with A failing strict id.

Results

* Get fail-to-pass ratio using a pure jet sample

N asS
Fakez = Nrai - ( - )

Loose Wj sample: Mz, w> 70
sample jj sample: failed ¢ iso.

Events in
12 bins

800

Wj control region
H = tt—Ch, 22§ Good modeling in BDT
ATLAS Prelim., 8 TeV [c]

400}

200

4 05 0 0.5 1

| BDT score A




v

. BDT applied to data Hong @

analysis| * LOOK at classification for £h in for 1j, >2j

Evts/—— | H —tr—th, 1j, >2j
bin L ATLAS Prelim.
1 03 Z 8 TeV [c]
: S~10, B~10
g MHiggs = 1.4 best
10° Z
£ L 50 Excess in expected area
10E =10
1 : ] ] ] | | ] ] ] | ] ] ] I | ] ] ] ] | | B

log(S/B) -2 -1 0 ~BDT score
S/B 1/100 1/10 1/1 A




Pre-sel.

v

Analysis

Combined result v. 125 @
H—tt—Ch, 22§

* S/B weighted M(z7) for 1j, >2j ATLAS Prelim., 8 TeV [c]

In(1+S/B)-wt’d
evts /10 GeV

H2tr = —

120
(u=1.4) ]
110
 Significance (with ¢¢, hh) :
Is4.10, 3.20 Eo
observed expected 60 100 140 180

M(z7) (GeV)

In(1+S/B)-wt'd
NData— NB

e Excess at expected
for Higgs at 125 I




Pre-sel.

v

Analysis

Combined result v. 125 @
H—tt—Ch, 22§

* S/B weighted M(z7) for 1j, >2j ATLAS Prelim.,_8 TeV [c]

In(1+S/B)-wt’d
evts /10 GeV

H2tr = — 90
(u=1.4) ]
110
 Significance (with ¢¢, hh) :
Is4.10, 3.20 Eo
observed expected 60 100 140 180

M(z7) (GeV)

In(1+S/B)-wt'd

* Excess at expected \ Npata— Na
for Higgs at 125 14
|2
7 +H 0

| | | | | l Ll




e \VBF v. ggF with H = 7t Hong

v
Analysis|  ® WHiggs = 1.6+0.61In > Zjets (mOStly VBF)

30% stat.
30% syst.

(6vBF+vH - B)Data
(ovBF+vH " B)sm ATLAS [b]
JRCSEE . 7,8 TeV data
' A ATLAS Prelim. [c]
8 TeV data

For 125.5 GeV

+| Standard Model
&) Best fit individual

_______ — 68% CL
--------------------------------- -- 95% CL
__________ hang) T

_Illlllllllllllllllllllllllllll(GggF-i-ttH.B)Data

0 1 2 3 (oger+itH B)sm




rese. | Rescale the axes
Anafysis SO same metric in x, y

(ovBr+vi B)Data E
(ovBF+vH " B)swm 5

"---L-.‘.

. ’

Observations ..

e 77 different shape .
because VBF-driven

e 7t~ WW*~»yin VBF

* All consistent with SM
within errors

Lovoa oo v v brrva bvvaa by

Hong @

ATLAS [b]
7, 8 TeV data

ATLAS Prelim. [c]
8 TeV data

For 125.5 GeV

+| Standard Model
“~+® Best fitindividual
— 68°/o CL
-- 95% CL

Axes rescaled
from the original *.

(O' ocgF+ttH B ) Data

0

1

2

3 (O'ggF+ttH 'B)SM A



Outline Hong @

Introduction
 Higgs via VBF
e ATLAS at LHC

e Missing Er (ME
Focus on similar final states / g Er (MET)
. [VBFlH 2 ww* = e ul| vew
* VBFIH = ¢ 2 |[lh|| vevev,

— Putting it together — 2 lepton-like objects




Putting it together into g

Are Higgs couplings modified?
* Consider ratio w.r.t. SM

_ gX y Data
gdx, sm

=1 for SM value

KX
for any particle “X”

If we had large statistics,
determine «x for each vertex

e But we don’t (yet)

e Usually “lump” some together
to taste, e.g., kv =kw =Kz

W,
H{
W,

VA

Hong @

t’ c’ o0

-

Kr=Kw=Kz Kr=Kt=Kp=..

VA

Vector bosons

t, C, o0

Fermions




Higgs in EW same as in fermion?  Hong @

Benchmark scenario:
 Vector boson couplings deviate from SM by common factor xyecror
* Fermions deviate from SM by common factor krermion

Results

KFermion
. . F, D
 Consistent with = g, Data
SM, but large - gnsm
errors 1
- T W
Features oF
Ao, S - = = n = \
except for yy e ATLAS [a] y
- / For 125.5 GeV ,
y 2 | 7, 8 TeV data
+H--@:y :I|IIII|IIII”IIII|IIIIIIII|IIII|IIIII|IIIII

0.8 1 1.2 1.4

7
- H- @:: Y K Vector boson = gV, Data
gy, sm ’




Rescale the axes

and omit negative solution ¢ .

gF, Data
~ gF,sM

Observations
e All far from (0O, 0)

* See Ky 2x better than Kg,
ggF rate 2x better than VBF

VBF is statistics limited, so both
axes will get better with Run-2

1.8

1.4

0.6

Hong @

ATLAS [a]
For 125.5 GeV
7, 8 TeV data

SM

Best fit

K Vector boson
|- g V, Data

1.4

T gV,SMA



What if rates remain high? Hong @

Higgs width or something else? Take WW*as example.

Rate depends on width: WW*rate = (6-B)ww =06 I'nw
I total width




What if rates remain high? Hong @

Higgs width or something else? Take WW*as example.

Rate depends on width: WW*rate = (6-B)ww =06 I'nw

I'total width

Measure VBF rate: uwver = (6 B)ww,vBF,Data = (k1)2 (Kw)?
(6-B)ww,vBr,sm  (Ktota1)?

Measure ggF rate: UwgeF = (0 B)ww, ggF, Data =(Kg)? (Kw)?
(O"B) Ww, ggF, SM (K'total)2




What if rates remain high? Hong @

Higgs width or something else? Take WW*as example.

Rate depends on width: WW*rate = (6-B)ww =06 I'nw

| I 'total width
Measure VBF rate: uwver = (6 B)ww,vBF,Data = (k1)2 (Kw)?
(6-B)wwvBr,sMm  (Ktotal)?
Measure ggF rate: UwgeF = (0 B)ww, ggF, Data =(Kg)? (Kw)?
(O'B) WWw, ggF, SM (Ktotal)2

- HUW VBF (KV)2 :::’ o NO Ktotal
Take ratio of rates: Ry =+"— =

HW, ggF ("g)2 z_:[>"H * No WW*
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What if rates remain high? Hong @

Higgs width or something else? Take WW*as example.

Rate depends on width: WW*rate = (6-B)ww =06 I'nw

| I 'total width
Measure VBF rate: uwver = (6 B)ww,vBF,Data = (k1)2 (Kw)?
(6-B)wwvBr,sMm  (Ktotal)?
Measure ggF rate: UwgeF = (0 B)ww, ggF, Data =(Kg)? (Kw)?
(O'B) WWw, ggF, SM (Ktotal)2

- HUW VBF (KV)2 :::’ o NO Ktotal
Take ratio of rates: Ry =+"— =

| pwger (kg2 ZZD"H * No ww*
g

R #1 means ky or k; not SM. A




Conclusions Hong @

Gave details on VBF H—=WW?* \\BF H—tt
 Evidence of VBF Higgs
* Evidence of Higgs-lepton coupling

LHC as a vector boson collider
 VBF is statistically limited, so Run-2 data crucial

 VBF is important tool to study Higgs sector

Great potential for sensitivity to new physics!




Thanks Hong @

This talk has been heavily influenced from inputs from many.
In particular, I'd like to acknowledge

e J.Alison Chicago
K. Black Boston
« B. Cerio Duke

e M. Morii Harvard
« P.Chang lllinois

e [.J.Kroll Penn

« E. Lipeles Penn
 R. Ospanov Penn

e A. Pranko LBL

« D. Schaefer Penn

e S. Sekula Southern Methodist
e A.Tuna Penn
 R. Vanguri Penn

and many of my Penn & ATLAS co-workers who are not listed above. A
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ATLAS collaboration in Nature Hong @

“Like a giant commune, [they] work, eat, and partyAtogether.”
while discovering new physics!

NEWS FEATURE

e S —
=, I—-—.-__-




Same as p6 ATLAS ot Tota) uncertainty | N9

o(sys)
m, = 125.5 GeV +
H o(theo) = loonu
H— vy +0.23 :
+0.21 5 —
_ +0.33 5 :
__________________ " mlots|
o, s =
dimho~ o w07 |
High P, u=1 7 6 |x0.5 l I
2jethigh a8 T : ) :
mass(veR) M7 1000206 | | =
VH categories W = 1-3jf +0.9 g |
H— ZZ* — 4l +0.33
_ 1437040 +0.17 ! B
__________________ Rl = R A
VBF+VH-like — 1 2+1.6 +1.6 | : Z
categories " I R
Other — 14599 ar : :
categories W= 199 54 ¢0.35 g l. 1 .I i

H—> WW*— iy [*02

_ 0997051 [£02] —t— :

=195 028 |0.12 i

O+1 jet u=0 82122 +0.22 |——;| I

2jet VBF  u=1.4"7].05 - |
Comb. H—yy, ZZ*, Ww**0-14

_ 1 3302 +0.15 N :

e A ol

\s =7 TeV [Ldt =4.6-4.8 fb 0 1 2 3
Vs =8 TeV [Ldt = 20.7 b Signal strength (u) Q



Similar to p6

ATLAS Prelim.
my = 125.5 GeV

— o(statistical)
— o(syst.incl.theo.)
— o(theory)

Total uncertainty
+loonu

H— vy

B +0.33
u=1 .55_0.28

+0.23
-0.22
+0.24
-0.18
+0.17 .
-0.12 | |

Phys. Lett, B 726 (2013) 88

—

——
——
!

H— ZZ* — 4]

_ +0.40
u=1 .43_0.35

+0.35
-0.32
+0.20
-0.13
+0.17 :
-0.10 |

Phys. Lett. B 726 (2013) 88

——
I

—

H— WW* — Ivlv
U= O.99+O.31

-0.28

+0.20
-0.21
+0.23
-0.19
+0.15 :
-0.09 ] |

Phys.Lett.B726(2013)88

l—
—
l—

Combined
H—yy, ZZ*, WW*

B +0.21
w=1 '33-0.18

+0.13|Phys. Lett. B 726 (2013)
-0.14 :

+0.17
-0.13
+0.12
-010( =

88

——

——

W,Z H— bb

_ +0.7
u = 0.2_0.6

+0.5
+0.4

<0.1

ATLAS-CONF-2013-079

H — tt (8TeV:20.3 fb™)

_ +0.5
u=1 .4_0.4

+0.3
-03
+0.4
-03
+0.3 :
-0.2 | |

ATLAS-CONF-2013-108

Lt

——

\s=7TeV [Ldt = 4.6-4.8 fo” -05 0 05 1
Signal strength (u)

\s =8TeV [Ldt =20.7/20.3 fb”

1.5 2
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ATLAS detector Hong @




Hong @

Barrel Silicon Strip
Detector

Forward Silicon Strip
Detector

Transition Radiation
Tracker

Pixel Detectors

Inner Tracker




Inside the toroid Hong @
Tile extended barrel

Tile barrel

T Py

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic

barrel
LAr forward (FCal)

A



Muons, electrons

.
3/

- June 10,2012

L k1 13:12:52 CET
,//ED /700N run 204769

o .\_ﬁvt82599793

H— 77" > pupu

A ap A ™

Hong @

QATLAS
\ JLEXPERIMENTI

/

Oct. 16, 2011
‘14 CEST
run 191190
evt 19448322

H = yy = yee




2012, 25 vertices

-
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NS SR DRSPSt
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Interaction region widthinz=5-6 cm
Pile-up increased from 2011 to 2012
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VBF, H jj _’WW*jj — eu ji MET Jun. 17,2012 0 !'Ji‘:d‘m

07:18:33 CEST 00
run 205071 ‘
evt 160243894

Electron

Anii = 4.7 .
VBE (AZJJ . Event characteristics
Y e Jets are forward with 5 ~ + 2.4
Mey =21 GeV
e Large tthar— WbWb—eu bb MET
HWW| Aper = 0.23 _ _
* Veto with b-tag operating pt. 85%
Mr =134

Another event that is VBF-like in jj & Higgs-like in decay

61



Right: Two b-tag jets,
muon, electron, MET

Below: Zoom-in to see
two displaced vertices
for b-hadron decays

\ \ / y,
\ Electron /
62



tthar & WbWb — eu bb MET

Right: Two b-tag jets,
muon, electron, MET

Below: Zoom-in to see
two displaced vertices
for b-hadron decays

- 2.5mm\

3

NS,

tthar is a major background to VBF, H =& WW?* — vty




@Ta ® Electron

Comparison of
@ Jet
@ Tau (3-prong)
@ Electron

W jjj event

Jet (has
muon)
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Jets Hong @
Calo clusters with anti-k7, R =0.4

Y ARLAA
ATLAS Prelim.
| 7 TeV, 2fb
Had. calo eV, 2ib Q? —:O.6
line: MC S
EM calo . N =
Solenoid dot: data “4&(\0 4_._—*-
—— 104
L T ]
. ++| +| _.__._':l=—0—'__.:5 <N J et>
- JVF=>0.75 0.2
Need two jets for VBF T

2 4 6 8 10 +

 Jet Vix. Fraction kills pile-up jets
£et X THACl S pletp ) No. of primary vertices

Calibrate energy against y, Z— ¢
» ~5% error on Jet Energy Scale




Jet energy scale Hong

ATLAS Preliminary 0.07

Define jet from clusters: anti-k, B = 0.4, LCW+JES N 0.06
_ _ + in situ correction & :}0% '

Pt > 25 in tracking vol. Data 2012, {'s = 8 TeV 3 005 Frac
Jet-vertex association to pj:t = 40 GeV s é c;\\' 0.04 JES
suppress pile-up (p103-104) @\ error
fove > 0.5 for Pt < 50 GeV Abs. in situ JES 0,‘: & 0.03

* Pr> 30 if forward Tt 0.02
24<inl<45 lle up ,,,,lflav. “r\glgeonse 0.01

Flay, omposition™ ™~ .

|}7| = 1 2 3 4




b-tagging R.O.C. curves

c-jet rejection

10

d

L A A R R
- ATLAS Preliminary —_— V1 .
I JetFitterCombNN :

JetFitterCombNNc ]
N e IP3D+SV1 =
\

.
DR
‘e
e
.
«
.
‘e
.
.
v

.
Yo
e
“a
o

pj:t>15 GeV, f®<2.5
IIII|IIII|IIII|IIII|IIII|IIII|III

3 04 05 06 07 08 09 1
b-jet efficiency

10°

Light jet rejection

d

Hong

ATLAS Preliminary —_— Vi

JetFitterCombNN

«
*e,
.

JetFitterCombNNc
------ IP3D+SV1

SVo

tt simulation,\'s=7 TeV
pE'>15 GeV, *'I<2.5

3 04 05 06 0.7 08 0.9

1

b-jet efficiency

A



b-tagging scale factor Hong @

ATLAS Preliminary

-
\(|\/|g\/=1 8€1'e_\/ 7(2)3'3 fb b-jet eff. data/MC
| 11.1

PDF method
Stat. error l 4 1
'_’_I—Q—:_._'

Total error

L L] ! ,70'9

20 50 100 200 300
Jet Pr (GeV)




H—-tr v. Z— 7t separation with M(zz) Hong @

Statement of the problem
* MET measured, not neutrinos

Arbitrary Z 2t Ch
h P scale | | ATLAS Simulation
. AP T 3-prong for P; of 45-50
Vi - opening angle I H From CONF-2011-132
T T vy i
=

Simulation

To illustrate, consider rt— hhv;v;

e 6 components for vy, v; r

;
e 4eqns. M(vih) =1.78 GeV i LA,
M(v2h) =1.78 GeV 0 0.1 0.2
(Pyi+Py2)x = MET Ap =V (40m)* + (Adpmw)* (rad)

(Pv2+Pv2)y — METy
e 2 left. Can parametrize by set(4pi, 4p:)

Hint: Generate 4p distributions with MC A


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-132/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-132/

Same as p24, but for > 2j Hong @

e HoWW* e, >2j
vis/ ATLAS, 8 TeV [b]
7 bins I
8r
7
VBF L
4
(10 tthar
2 N /4 /2 S R S e e i
0




Same as p25 with legends Hong @

ATLAS Preliminary
\s=8TeV, [ Ldt=20.7 fb”
H%WW(*)%eww/pwev += 2]

Events / 20 GeV

- Data <4 SM (sys @ stat)
B ww [ Wz/zz/Wy

[ ]t [ ] Single Top
[ Z+jets [ ] W+jets

N 0O pp O OO N 0 ©

IIIII




Breakdown H = Ww* Hong @

SM
(O"B)Data u= 1
HHiggs =
(6:B)sm  stat. experimental theory l
Total 0.99 + 0.21 +0.17 =012 H-@-H
Nyet < 1 0.82 + (0.22 +(0.25 H-o-H
Nyet = 2 1.4 + 0.5 + 0.4 ——e—+ji
Caveat emptor: The table is using 7 & 8 TeV data at Mu 0. 1 2
= 125.5 GeV combining all the production modes. Signal strength (u)

Signal significance for HWW is 3.80 (3.80)

observed expected

Considering only VBF HWW is 2.50 (1.60)




VBF significance w.r.t. ggF Hong

ATLAS
ls=7TeV [Ldt=4.6-481fb"
likelihood \s=8TeV [Ldt=20.7 fb"

_2 In /\ my = 125.5 GeV
,, — Combined H—yy, ZZ*, WW*
---- SM expected

12 30

MVBF+VH

HggF+ttH




H — rr math Hong @

(P1, 01, ¢1)

-

(P29 62’ ('DZ)'ﬁ(Pl’ 917 (IDI)
<--""
(P2, 02, ¢2)

MET x = (Psinfy) - cos ¢y + (/7 sints) - cos
METy = (Psinf;) - sin¢; + (/’sints) - sin
M(r)?=2-P-P-(1—cos(f —01))
M(TQ)QZQ‘P° °(1—COS(92— ))




Same as p41, but for combined channels @

.E 1 04 __I I I I | I I I I I I I I I I I I | I I I I | I I__
f E—o—l_._ —e— Data -
N B Background (u=1.4) ]
-'CIC_.; Iy I TR Background (u=0) -
Lﬁ 1 03 = B -2 (u=14)
; H(125)—>tt (u=1) ;
10°E E
- H—1r 7
105 ATLAS Preliminary E
- [Ldt=20310" .
- Vs=8TeV -
1 : ] ] ] | I ] ] ] | ] ] ] I | ] | ] ] | ] ] ] ] | ] E

-3 -2 -1 0 1

log(S / B)
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Same as p42

> St vt @
0 - .
with legends U & Misreininy v -
© o 1 er VBFBoosed — IR
; 30_ ; adi .
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Same as p43, but stand-alone Hong

2 6 TTT | TTTT | T TTT | TTTT | T TTT | TTTT | T TTT | T TTT T TT
mU) T H—etx _
= C _ - X Bestfit ]
m 5~ fL dt =20.3 fb —— 95% Contour —
% i _
- - QTeavy = - 68% Contour —
g - \E =8 TeV 4+ SM prediction N
~ . . Ictl 1
+ — —
B 41— ATLAS Preliminary & Backgroundonly
> B i
= L _
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O .
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Future projections Hong
https://cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014

ATLAS Simulation Preliminary
Vs=14TeV, [Ldt=300fb"

Axes rescaled from
the original

LL [ T T T T | T T T T | _
1.4 X BestFit * Standard Model — K F
E — w/ theory - w/o theory E
1.3 = —68%CL — 95% CL E
- ] [ *  SM, best fit
1.2 E ol ,
: ] 1.1 A Y L w/o theory
- - - Data o o5 oL '
1= — 1.0 25 fb-1 S
: . i X 68% CL
0.9 - B [ 168% CL w/o
0.82— ATLAS Simulation Prelimir_11ary_§ 0.9l ;‘:rgzg’(f)ll;l,
N: o \EI=1I4T<TV,detI:3IOO flb E 7/2013 PLB
'6.9 0.95 1 1.05 1.1 /S
K I
v 0.8 Mc 300\b-

NN NN

V4
0.9 1.0 1.1 1.2

Kv A

0



https://cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
https://cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/

That’s all!



